Axonal tract-tracing of corneal primary afferents (Marfurt effects of morphine on corneal-responsive neurons in rostral versus and Del Toro 1987) and c-fos immunocytochemistry after caudal regions of spinal trigeminal nucleus in the rat. J. Neurophys-noxious corneal stimulation (Lu et al. 1993; Meng and Beiol. 79: 2593-2602, 1998. The initial processing of corneal sensory reiter 1996; Strassman and Vos 1993) have identified two input in the rat occurs in two distinct regions of the spinal trigemi-regions of the spinal trigeminal nucleus (Vsp) that process nal nucleus, at the subnucleus interpolaris/caudalis transition (Vi/ corneal input in the rat: the ventral pole at the transition Recently, we demonstrated significant differences in the and 7 of 8 Vc/C1 corneal units tested projected to the PBA. To determine if the Vc/C1 transition acted as a relay for the effect of response properties of corneal-responsive neurons recorded intravenous morphine on corneal stimulation-evoked activity of at the Vi/Vc and Vc/C1 transition regions (Meng et al. Vi/Vc units, morphine was applied topically to the dorsal brain 1997). All corneal-responsive neurons in laminae I-II of the stem surface overlying the Vc/C1 transition. Local microinjection Vc/C1 transition region had nociceptive cutaneous receptive of morphine at the Vc/C1 transition increased the evoked activity fields, and 80% projected to the contralateral parabrachial of 4 Vi/Vc neurons, inhibited that of 2 neurons, and did not affect area (PBA). In contrast, ú50% of corneal-responsive neuthe remaining 12 corneal neurons tested. In conclusion, the distincrons at the Vi/Vc transition region had no convergent cutative effects of morphine on Vi/Vc and Vc/C1 neurons support the neous receptive field, less than half responded to noxious hypothesis that these two neuronal groups contribute to different aspects of corneal sensory processing such as pain sensation, auto-thermal or chemical stimuli, and none were antidromically nomic reflex responses, and recruitment of descending controls.
nucleus caudalis at the spinomedullary junction (Vc/C1).
sive neurons located in these two regions. Neurons also were characterized by cutaneous receptive field properties and parabrachial Based mainly on similar cell morphology and neuropeptide area (PBA) projection status. Electrical corneal stimulation-evoked content (Kruger et al. 1988; Meng and Bereiter 1996 ; Phelan activity of most (10/13) neurons at the Vi/Vc transition region and Falls 1989; Shults 1992; South and Ritter 1986) , it has was increased [146 { 16% (mean { SE) of control, P õ 0.025] been suggested that the Vi/Vc transition region represents after systemic morphine and reduced after naloxone. None of the a rostral extension of laminae I-II of Vc. In accordance, Vi/Vc corneal units were inhibited by morphine. By contrast, all autoradiographic studies have demonstrated a high-density corneal neurons recorded at the Vc/C1 transition region displayed of opioid binding in laminae I-II of Vc that extends rostrally a naloxone-reversible decrease (55 { 10% of control, P õ 0.001) into the Vi/Vc transition region (Xia and Haddad 1991) .
in evoked activity after morphine. None of 13 Vi/Vc corneal units Recently, we demonstrated significant differences in the and 7 of 8 Vc/C1 corneal units tested projected to the PBA. To determine if the Vc/C1 transition acted as a relay for the effect of response properties of corneal-responsive neurons recorded intravenous morphine on corneal stimulation-evoked activity of at the Vi/Vc and Vc/C1 transition regions (Meng et al. Vi/Vc units, morphine was applied topically to the dorsal brain 1997). All corneal-responsive neurons in laminae I-II of the stem surface overlying the Vc/C1 transition. Local microinjection Vc/C1 transition region had nociceptive cutaneous receptive of morphine at the Vc/C1 transition increased the evoked activity fields, and 80% projected to the contralateral parabrachial of 4 Vi/Vc neurons, inhibited that of 2 neurons, and did not affect area (PBA). In contrast, ú50% of corneal-responsive neuthe remaining 12 corneal neurons tested. In conclusion, the distincrons at the Vi/Vc transition region had no convergent cutative effects of morphine on Vi/Vc and Vc/C1 neurons support the neous receptive field, less than half responded to noxious hypothesis that these two neuronal groups contribute to different aspects of corneal sensory processing such as pain sensation, auto-thermal or chemical stimuli, and none were antidromically nomic reflex responses, and recruitment of descending controls.
activated from either the ipsilateral or contralateral PBA. Furthermore, morphine pretreatment decreased the number of Fos-positive neurons produced by noxious corneal stimu-I N T R O D U C T I O N lation at the Vc/C1 transition region but had no effect at the Vi/Vc transition (Bereiter 1997) . A distinctive feature The analgesic properties of morphine in behavioral studies of the trigeminal brain stem complex is an abundant longituare well established. Consistent with these properties, sysdinal fiber system (Jacquin et al. 1990; Kruger et al. 1977 ; temic or intrathecal morphine inhibits the responses of dorsal Panneton et al. 1994) . Connections between caudal and roshorn lamina I spinothalamic projection neurons to noxious tral portions of the Vsp may contribute to sensory processing mechanical and thermal stimulation (Craig and Serrano (Davis and Dostrovsky 1988; Greenwood and Sessle 1976; Hylden and Wilcox 1986) (Meng et al. 1996) .
1 min after the removal of the conditioning stimulus. A modulatory effect was considered significant if the evoked activity during the
conditioning stimulus was õ70% of control. Antidromic activation was assessed from a stimulating electrode
Animals and surgery
placed in the contralateral PBA (P: 0; L: 1.6-1.9 referred to the interaural midpoint with a 3.5Њ rostral inclination; V: 5.7-6.1 below Experiments were conducted using 39 male Sprague-Dawley the cerebral cortex). Antidromically activated neurons displayed rats (300-460 g, Harlan) anesthetized initially with pentobarbital a constant latency, followed high-frequency stimulation (200-300 sodium (65 mg/kg ip) before surgery. The left femoral artery and Hz), and showed collision with naturally evoked orthodromic jugular vein were catheterized, and after tracheostomy, animals spikes (Lipski 1981). were artificially respired with oxygen-enriched room air. Body temperature was maintained at 38ЊC with a heating blanket and thermal probe. Arterial blood gases were monitored periodically Test stimulation and respiratory volume was adjusted to maintain normal pH. AniElectrical stimulation of the cornea was chosen as a test stimulus mals were mounted in a stereotaxic frame and the dorsal brain because it produced consistent, reproducible activation of trigemistem was exposed. After completion of all surgery, rats were paranal brain stem neurons without damaging the cornea (Meng et al. lyzed with gallamine triethiodide (20 mg/kg iv), and anesthesia 1997). Receptive field test stimulation consisted of single pulses of was maintained with supplemental doses of a-chloralose (100 0.1-5 mA, 0.01-2.0 ms duration, and delivered at 1 Hz. Electrical mg/kg iv) as needed. Experiments were terminated if blood presstimulation of the cornea or cutaneous receptive field was presented sure was not maintained ú70 mmHg. at 1.2-1.5 times threshold relative to the threshold for A-and/or C-fiber primary afferents as estimated by latency of activation. If
Recording technique
both A-and C-fiber inputs were present, an appropriate stimulus intensity was used to activate each fiber type. Late latency firing As described previously (Meng et al. 1997 ) extracellular reconsistent with C-fiber input was defined as activity evoked at a cordings were made using tungsten electrodes (9 MV, FHC, Brunslatency of ú30 ms (Hu 1990; Meng et al. 1997) , which correwick, ME). Neurons recorded from the Vi/Vc transition region sponded to a conduction velocity of Ç1 m/s. were approached at an angle of 28Њ off vertical and 45Њ off midline. Neurons in laminae I-II of Vc/C1 were approached at an angle of 43Њ off vertical and 60Њ off midline and were recorded just before Intravenous drug administration exiting the dorsal horn, 350-500 mm after surface penetration. A After 15 trials of control stimulation (1.1-1.5 times threshold bipolar stimulating electrode (2-mm separation, FHC) was for A-and/or C-fiber input), morphine was given and electrical mounted on the ear bar and placed lightly on the cornea. Both stimulation of the cornea was repeated. For Vi/Vc neurons, succesmechanical (von Frey filaments) and electrical (0.1-1 ms duration, sively higher doses of morphine sulfate (0.1, 0.5, 1.0 mg/kg iv) maximum of 1.0 mA, 0.2 Hz) stimulation of the cornea were used were administered at 30-min intervals. Test stimulation (15 trials) as search stimuli.
was repeated 10 min after each drug injection. The total cumulative Corneal-responsive neurons were examined for cutaneous indose of morphine given during the 60-min interval was 1.6 put, first using innocuous mechanical stimulation and then noxmg/kg. For Vc/C1 neurons, after 15 trials of control test stimulaious pinch and deep pressure. Because not all receptive fields were tion, a single dose of morphine sulfate (1.5 mg/kg iv) was adminiscontinuous with the cornea, the entire facial region, especially the tered and test stimulation was repeated after 10 min. Generally, nose and underneath the eyelids, was explored. Corneal-respononly a single dose of morphine was used due to the difficulty in sive neurons with a convergent cutaneous receptive field were holding laminae I-II Vc/C1 neurons for the 3-4 h necessary to classified as low-threshold mechanoreceptive ( LTM ) units, wide fully characterize each cell. However, in some cases, a second dynamic range ( WDR ) units, nociceptive specific ( NS ) units, or dose of morphine sulfate (1.5 mg/kg iv) was given and the test deep nociceptive ( D ) units ( Hu 1990 ) . LTM units responded to stimulation repeated. For all neurons, test stimulation was reapplied hair movement and light touch and showed no increase in dis-10 min after naloxone (0.2 mg/kg iv). Only one neuron was charge with more intense stimuli. WDR units were sensitive to examined per animal. The data were analyzed statistically by analyboth nonnoxious and noxious stimuli and showed an increase in sis of variance (ANOVA) corrected for repeated measures and discharge as the intensity of the stimulation increased. NS units individual treatment comparisons used the Newman-Keuls test were activated only by noxious stimuli applied to the cutaneous after ANOVA (Winer 1971) and presented as mean percentage receptive field. D units were activated only by deep pressure and ({SE) of the control value. Statistical differences were considered did not respond to noxious pinch of the overlying skin. Neurons significant at P õ 0.05. with no apparent cutaneous receptive field were classified as cornea only ( CO ) units.
Previously (Meng et al. 1997) , we reported that all Vc/C1 Microinjection of drugs corneal units but less than one-half of those at the Vi/Vc transition responded to noxious thermal stimulation of the cornea. Therefore, In a separate set of experiments, drugs were applied topically to the dorsal surface of the brain stem overlying the Vc/C1 transiVi/Vc units were further categorized by their responsiveness to heating (52ЊC) of the cornea using a contact thermode (LTS 3, tion region while recording from Vi/Vc corneal units. A guide cannula (26 gauge) was positioned so that the injection cannula Thermal Devices, Golden Valley, MN) with a stimulating area of 21 mm 2 . No special precautions were taken to protect the sur-(30 gauge) lightly touched the surface of the dorsal horn at the Vc/C1 transition region ipsilateral to the corneal stimulus. Electrirounding periocular tissue from thermal stimulation applied to the cornea. Also, the presence of diffuse noxious inhibitory controls cal test stimulation of the cornea (1.1-1.5 times threshold for Aand/or C-fiber input) was presented before and at 0.5, 1, 2, 3, 5, (DNIC) was tested to determine if its occurrence correlated with Corneal test stimulation consisted of 15 trials (1.1-1.5 times threshold, 1 Hz) applied before and 10 min after drug injection. Inhibition or facilitation of evoked activity was considered significant if the average postdrug response deviated by ú30% from the predrug average. Vi/Vc, subnucleus interpolaris/ caudalis transition; Vc/C1, laminae I-II at the subnucleus caudalis/spinal cord transition; LTM, low-threshold mechanoreceptive; WDR, wide dynamic range; NS, nociceptive specific; CO, cornea only.
10, 15, and 20 min after microinjection of each drug. Vi/Vc corneal 2% Alcian blue solution. Rats were perfused through the heart with saline followed by 10% buffered formalin. The brain stem was units first were examined for effects of the excitatory amino acid, monosodium glutamate (100-200 nl, 200 mM), injected manually removed and coronal sections (40 mm) were cut on a sliding microtome, mounted, and stained with 0.3% cresyl violet. from a Hamilton syringe connected to the cannula during 10 s, and in some cases, followed 40 min later by a second injection of glutamate. Forty minutes later each Vi/Vc unit was examined for R E S U L T S the effects of morphine microinjection (100-200 nl, 2.3-4.6 nmol) onto the Vc/C1 surface, and naloxone (0.2 mg/kg iv) was Effect of morphine on Vi/Vc corneal units given 20-30 min after morphine. In several cases, lidocaine (100-
The neurons included in this study represent a subpopula-200 nl, 2% solution) was microinjected through the cannula at the end of the experiment. If the action of drugs applied to the Vc/C1 tion of cells, with similar properties, of those characterized transition was simply due to diffusion to the Vi/Vc transition, then in a previous study (Meng et al. 1997) . The effects of intralidocaine microinjection onto the Vc/C1 region would be expected venous morphine on electrical stimulation-evoked activity only to inhibit corneal stimulation-evoked activity. Facilitation or were examined for 13 corneal-responsive neurons at the inhibition of corneal stimulation-evoked activity was defined as a Vi/Vc transition region (Table 1 ). All Vi/Vc neurons were change of ú30% of predrug control values (Chiang et al. 1994 ). located at the ventral pole of the transition region between caudal Vi and rostral Vc (Fig. 1) , and none of the 13 neurons Histology could be antidromically activated from the contralateral PBA. Each Vi/Vc unit was classified according to its cutaElectrolytic lesions of the recording (10 mA, 10 s) and PBA neous receptive field properties prior to corneal test stimulastimulation (5 mA, 5 s) sites were made at the end of each experiment. The Vc/C1 microinjection site was marked with 200 nl of tion: LTM (n Å 4), WDR (1), NS (1), and CO (7). Note FIG . 1. Recording sites at the subnucleus interpolaris/caudalis transition (Vi/Vc) and the laminae I-II at the subnucleus caudalis/spinal cord transition (Vc/C1) transition regions. Neurons were classified according to cutaneous receptive field properties: ᭺, cornea only (CO) neuron; q, low-threshold mechanoreceptive (LTM) neuron; ࡗ, wide dynamic range (WDR) neuron; ᭡, nociceptive specific (NS) neuron. IO, inferior olive; LR, lateral reticular nucleus; NTS, nucleus tractus solitarius; P, pyramidal tract; Vc, subnucleus caudalis; Vi, subnucleus interpolaris; Vtr, spinal trigeminal tract. Numbers to right of outlines refer to approximate distance from obex in millimeters. Calibration Å 1 mm.
J865-7 / 9k28$$my41 04-14-98 09:07:53 neupa LP-Neurophys that the anatomic distribution within the Vi/Vc transition region was similar for units of different classes. Eleven neurons received only A-fiber latency (õ30 ms) input and 2 received both A-and C-fiber latency input. Six of the 13 neurons responded to noxious thermal stimulation of the cornea, and only 2 of 12 neurons tested showed DNIC. As summarized in Fig. 2 , the average corneal stimulationevoked activity for neurons at the Vi/Vc transition region was increased significantly after each of three cumulative doses of morphine (P õ 0.025) with the greatest effect (/146.2 { 16.2% of control) occurring after the highest dose. Naloxone reduced the morphine-induced facilitation to a mean of 118.3 { 13.6% of control. There was no overt change in spontaneous activity after morphine or naloxone administration. Neither the ability to respond to noxious thermal stimulation of the cornea nor the presence of a convergent cutaneous receptive field was predictive of the magnitude of the enhanced response after morphine.
Although morphine-induced facilitation of Vi/Vc corneal units was a consistent finding (10/13 cells increased by ú30% of premorphine controls), the nature of the facilitation was not uniform. Because only 2 of 11 neurons showed C-fiber latency firing before morphine administration, early and late latency firing were pooled for this analysis. In six neurons (2 LTM, 1 NS, and 3 CO), the increase in evoked activity after morphine was seen as an unmasking of late latency firing (Figs. 3 and 4) . Two of these six neurons example in Fig. 3 shows unmasking of late latency firing demonstration of diffuse noxious inhibitory controls (DNIC) produced by for a CO unit that was unresponsive to thermal stimulation. immersing the tip of the tail in 55ЊC water for 30 s. Dot raster display shows corneal-stimulation evoked activity before, during, and after the Although this neuron did not respond to noxious thermal conditioning stimulus. Dot raster trials were generated from top to bottom stimulation and received only A-fiber input from the cornea, stimulating at 0.5-1 Hz. In this and the following dot raster displays, each the presence of DNIC was seen (Fig. 3B) . Before morphine, dot represents 1 neuronal spike. C, top: control response (15 trials) to electrical stimulation of the cornea produced responses at electrical stimulation of the cornea; middle: unmasking of C-fiber input 10-20 ms, whereas after morphine the appearance of a sec-after the highest dose of morphine (1.0 mg/kg); bottom: response after naloxone (0.2 mg/kg). Binwidth Å 1 ms. D: summary of the effect of ond peak of firing occurred at a latency of 25-35 ms, and morphine on the total number of spikes evoked by electrical stimulation naloxone partially reversed the morphine-enhanced firing. of the cornea. Treatments: control Å (premorphine), morphine given as Morphine caused a dose-dependent increase in the response cumulative doses of 0.1, 0.5, and 1.0 mg/kg iv and /Nx Å naloxone (0.2 to corneal stimulation (Fig. 3D) . The second example of mg/kg iv). unmasking of late latency firing by intravenous morphine is shown in Fig. 4 , a Vi/Vc unit with no cutaneous receptive evoked only A-fiber latency input and morphine produced field, yet was excited by noxious thermal stimulation of the an unmasking of late latency firing at 35-40 ms (Fig. 4C) . cornea (Fig. 4B) . Control test stimulation of the cornea Unlike the neuron shown in Fig. 3 , naloxone completely reversed the increase in firing produced by morphine as summarized in Fig. 4D . Four additional Vi/Vc neurons (2 CO, 1 LTM, 1 WDR) displayed a naloxone-reversible increase in evoked activity at A-fiber latency after morphine without an increase in late latency firing. Two of these four neurons responded to noxious thermal stimulation of the cornea. The activity of two thermally responsive neurons (1 LTM, 1 CO) was unaffected by morphine or naloxone, and in one CO neuron that did not respond to noxious thermal stimulation, naloxone decreased the response to corneal stimulation, whereas morphine had no effect. No Vi/Vc corneal neurons were inhib-FIG . 2. Summary of the effects of intravenous morphine on Vi/Vc and ited by systemic morphine (Table 1) .
Vc/C1 corneal-responsive neurons. Top: morphine effects on Vi/Vc neurons (n Å 13); control Å premorphine, morphine given as cumulative doses Effect of morphine on Vc/C1 corneal units of 0.1, 0.5, and 1.0 mg/kg and /Nx Å naloxone (0.2 mg/kg iv). Bottom: morphine effects on Vc/C1 neurons ( n Å 8); control Å premorphine, 1.5
At the Vc/C1 transition region, the effect of systemic mg/kg morphine, /Nx Å naloxone (0.2 mg/kg iv). * P õ 0.05, **P õ 0.01 vs. premorphine response. morphine was tested on the electrical stimulation-evoked J865-7 / 9k28$$my41 04-14-98 09:07:53 neupa LP-Neurophys control and A-fiber latency input was 99 { 3% of control. Morphine reduced the activity of the two Vc/C1 neurons that received only A-fiber latency input to õ70% of control. The responses of three neurons were assessed after a second dose of morphine (1.5 mg/kg iv, cumulative dose of 3.0 mg/kg). The overall (A plus C fiber) evoked activity decreased to 62% after the initial dose and to 44% of control after the second dose of morphine. Three neurons showed an overshoot in C-fiber latency activity after naloxone that was ú150% of control. Figure 5 presents an example of the effect of morphine on corneal stimulation-evoked responses tested at A-fiber (Fig. 5B ) and C-fiber (Fig. 5C ) intensities of a neuron classified as NS. Morphine produced a naloxonereversible decrease in A-fiber and C-fiber latency responses to 58 and 8% of control, respectively (Fig. 5D) .
Effects of drugs applied to the dorsal surface of brain stem overlying Vc/C1 on Vi/Vc corneal units
Because considerable evidence suggests that neurons in the Vc/C1 region may influence the activity of cells in more rostral regions of the Vsp, a second series of experiments was performed to test the hypothesis that excitatory (e.g., glutamate) or analgesic drugs (e.g., morphine, lidocaine) applied directly to the Vc/C1 transition alters the activity of Vi/Cc corneal units. The effects of successive topical activity of eight neurons (5 WDR and 3 NS), seven of which projected to the contralateral PBA. The average latency for antidromic activation was 4.5 { 2.2 (SD) ms with a range of 2.4-8.6 ms and a median of 3.7 ms. All Vc/C1 neurons were located superficially, in laminae I-II, at the transition region between Vc and the upper cervical spinal cord (Fig.  1) . Six neurons received A-and C-fiber latency input from either the cornea or the cutaneous receptive field, and two neurons received only A-fiber latency input from both the cornea and the cutaneous receptive field. Five of eight neurons were inhibited by DNIC.
Morphine (1.5 mg/kg iv) produced a naloxone-reversible decrease in the composite A-plus C-fiber latency activity of Vc/C1 neurons (55 { 10% of control, P õ 0.001). All Vc/C1 neurons showed a decrease in evoked activity after morphine, including the one neuron that could not be antidromically activated from the PBA (Table 1) . Neurons clas- FIG . 5. Effect of morphine on a Vc/C1 corneal unit that projected to sified as WDR or NS displayed a similar magnitude of inhi-the contralateral PBA and had a WDR cutaneous receptive field. A: rebition after morphine. There was no significant difference cording site in laminae I-II. B, top: control response to electrical stimulation at A-fiber intensity; middle: response after morphine; bottom: response in the amount of A-versus C-fiber inhibition, although nuafter naloxone. C, top: control response to electrical stimulation at C-fiber merically C-fiber latency input was decreased to 38 { 15% intensity. A-fiber responses were truncated for clarity; middle: response of control (P õ 0.001) and A-fiber latency input was re-after morphine; bottom: response after naloxone. D: summary of total Aduced to 64 { 8% of control (P õ 0.001, Fig. 2 ). After and C-fiber latency evoked activity before (control) and after morphine Microinjections: glutamate Å 20-40 nmol, 100-200 nl; morphine Å 2.3-4.6 nmol, 100-200 nl. Corneal test stimulation (15 trials, 1.1-1.5 times threshold, 1 Hz) applied before and at 0.5, 1, 2, 3, 5, 10, 15, and 20 min after drug microinjection. Inhibition or facilitation of evoked activity was considered significant if the average postdrug response deviated by ú30% from the predrug average. microinjections of glutamate then morphine onto the brain This neuron had no cutaneous receptive field, displayed only A-fiber input before morphine, did not show DNIC, and had stem surface at the Vc/C1 transition region were assessed on corneal stimulation-evoked activity of 18 Vi/Vc units. a small response to thermal stimulation of the cornea before the microinjection of morphine. Microinjection of glutamate These results are summarized in Table 2 . Corneal stimulation-evoked activity in 5 of 18 neurons was altered by gluta-reduced the evoked responses to 13% of control by 30 s and returned to 69% of control by 5 min (Fig. 6 B, trial 1) . A mate microinjections (ú30% change), and the evoked activity in each of these 5 cells also was affected by morphine. second injection of glutamate, made 40 min after the first injection, inhibited corneal stimulation-evoked responses to Also one cell (a CO unit) showed enhanced evoked activity after morphine but was not affected by glutamate. Of the 6% of control by 30 s (Fig. 6 B, trial 2) . Microinjection of morphine (4.6 nmol) 40 min after glutamate produced an six cells affected by morphine, four showed an increase and two a decrease in evoked responses. Glutamate reduced the increase in activity seen as an increase in late latency firing (Fig. 6C ). Maximal facilitation of activity to 212% of conevoked activity in three of the four neurons that were enhanced after morphine. Two of these three neurons were trol occurred 2 min after morphine and remained elevated at 141% of control after 25 min. In addition, the response classified as CO and one was NS; all three responded to noxious thermal stimulation and two showed DNIC. Facilita-to noxious thermal stimulation of the cornea was enhanced at 30 min after the injection of morphine (Fig. 6D) . tion of evoked activity by morphine was seen as an unmasking of late latency firing for two of the four neurons, Two neurons (1 CO, 1 D) responded to microinjection of morphine with a decrease in corneal stimulation-evoked reand the other two cells showed C-fiber input before morphine that was enhanced after morphine. An example of morphine-sponses, and both were excited by noxious thermal stimulation of the cornea and showed DNIC. In one case (Fig. 7) , microininduced unmasking of C-fiber activity is shown in Fig. 6 . FIG . 6. An example of a Vi/Vc corneal unit with no cutaneous receptive field that was inhibited by glutamate and facilitated by morphine microinjections into the Vc/C1 transition region. A: recording site. B: response to repeat microinjections of glutamate. Trial 1: electrical stimulation of the cornea before, 30 s after, and 5 min after the 1st microinjection of glutamate (20 nmol). Trial 2: corneal stimulation-evoked response 40 min after the first glutamate microinjection (control) and 30 s and 10 min after a 2nd microinjection of glutamate. C: corneal stimulation-evoked responses 40 min after the 2nd microinjection of glutamate (control) and 2 and 25 min after the microinjection of morphine (4.5 nmol). Binwidth Å 1 ms. D: thermal stimulation of the cornea before and 30 min after morphine microinjection into Vc/C1. Binwidth: 0.5 s.
J865-7 / 9k28$$my41 04-14-98 09:07:53 neupa LP- Neurophys FIG . 7 . Example of a Vi/Vc corneal unit with a deep cutaneous receptive field that was facilitated by the microinjection of glutamate and inhibited by the microinjection of morphine into the Vc/C1 transition region. A: recording site in Vi/Vc transition region. B: response to electrical stimulation of the cornea before microinjection of glutamate and 10 and 30 min after glutamate (20 nmol). C: corneal stimulation-evoked activity 40 min after the initial glutamate microinjection (control), inhibition of responses 5 min after morphine microinjection (3.7 nmol), and 5 min after naloxone (0.2 mg/kg iv). D: inhibition of evoked activity after injection of lidocaine (160 nl, 2%). Binwidth Å 1 ms. E: inhibition of the electrical stimulation-evoked responses 10 min after microinjection of lidocaine could be overcome by increasing stimulus intensity.
jection of glutamate produced an increase and morphine a de-laminae I-II (Phelan and Falls 1989; Shults 1992; Strassman and Vos 1993; Yoshida et al. 1991) , the present physiologicrease in activity. Evoked responses were facilitated to 135% of control by 10 min after glutamate (32 nmol, Fig. 7B ). cal results indicated that intravenous morphine produced opposite effects on the evoked activity of corneal-responsive Microinjection of morphine (3.7 nmol), 40 min after glutamate, reduced the activity to 12% of control by 5 min (Fig. neurons located at the Vi/Vc transition region and laminae I-II of the Vc/C1 transition region. At the Vc/C1 transition 7C) and was reversed partially by naloxone. Five of the six neurons that were affected by morphine also were tested after region, all corneal-responsive neurons displayed a naloxonereversible decrease in activity after intravenous morphine. naloxone (0.2 mg/kg iv) and in each case naloxone caused at least a partial reversal of the morphine effect as shown in the By contrast, the activity of most corneal-responsive neurons at the Vi/Vc transition region was increased after morphine example of Fig. 7C (57% of premorphine control). Eight of 18 cells also were tested after topical application of lidocaine regardless of receptive field properties. These results also revealed for the first time that corneal stimulation-evoked (160 nl, 2% solution) at the Vc/C1 transition at the end of the experiment. As shown in the example of Fig. 7D , lidocaine activity among neurons at the Vi/Vc transition region could be altered by local microinjection of morphine or glutamate decreased the evoked responses at the Vi/Vc transition in two cells (compare with Fig. 7C, postnaloxone) . However, evoked onto the dorsal brain stem surface overlying the Vc/C1 transition region. activity could be recovered by increasing the intensity of the corneal stimulus (Fig. 7E) . In two other neurons in which morphine produced an increase in corneal stimulation-evoked General properties of Vc/C1 and Vi/Vc corneal units responses, microinjection of lidocaine also caused an increase As reported previously (Meng et al. 1997) , Vi/Vc and in activity. The fact that evoked activity could be enhanced by Vc/C1 corneal units had different projection and receptive lidocaine application at the Vc/C1 transition or that lidocaine field properties. More than 80% of corneal-responsive neuinhibition could be overcome by increasing stimulus strength rons located in laminae I-II at the Vc/C1 transition region suggested that the drug effects were not simply the result of could be antidromically activated from the ipsilateral or condiffusion to the Vi/Vc transition. Twelve neurons were unaftralateral PBA, whereas none of the corneal-responsive neufected by morphine microinjection into the Vi/Vc transition rons at the Vi/Vc transition were activated. The response region (Table 2) , and 5 of these 12 units responded to noxious properties of Vc/C1 corneal units were similar to those of thermal stimulation and 2 showed DNIC.
other projection neurons of the superficial spinal and medul-D I S C U S S I O N lary dorsal horn (Dado et al. 1994) . All Vc/C1 neurons had a nociceptive cutaneous receptive field on the periorbital Although anatomic evidence suggested that the ventral Vi/Vc transition region represents a rostral extension of Vc skin contiguous with the corneal surface and responded to J865-7 / 9k28$$my41 04-14-98 09:07:53 neupa LP-Neurophys noxious thermal stimulation. At the Vi/Vc transition region, Vc/C1 transition produced by corneal stimulation, whereas the number of Fos-positive neurons at the Vi/Vc transition ú50% of the corneal-responsive neurons had no cutaneous receptive field, many had low threshold cutaneous receptive was not affected (Bereiter 1997) . Interestingly, in many neurons, the increase in electrical corneal stimulation-evoked fields, and õ50% responded to noxious thermal stimulation. The convergent cutaneous receptive fields of Vi/Vc units activity after morphine was manifested as an unmasking of late latency firing. Although the late latency firing may not often were discontiguous with the corneal surface such as on the tip of the nose or distant vibrissae. Thus our previous be caused by direct C-fiber input, this observation may be related to our previous results where C-fiber latency input (Meng et al. 1997 ) and present physiological studies support the hypothesis that the Vi/Vc transition region that processes in Vi/Vc neurons decreased with increasing intensity of the electrical stimulus (see Meng et al. 1997) (Fig. 5) . Furthercorneal input is a functionally distinct region and not simply a rostral extension of laminae I-II neurons from Vc. more, Vi/Vc corneal units typically had phasic responses to both mustard oil and noxious thermal stimulation and desensitized to repeated noxious thermal stimulation, properMorphine inhibition of Vc/C1 corneal units ties not observed in Vc/C1 corneal units (Meng et al. 1997) . Intravenous morphine inhibited all Vc/C1-PBA projec-Therefore, late latency firing of Vi/Vc neurons could be tion neurons consistent with the notion that trigemino-para-masked by input from inhibitory neurons that are activated brachial pathways may contribute to multiple aspects of no-by corneal stimulation and inhibited by morphine. It will be ciception (Bernard and Besson 1990) . Although the site of necessary to use intracellular recording techniques to deteraction for systemic morphine-induced inhibition of Vc/C1 mine the nature of an apparent inhibitory masking of evoked neurons was not determined, direct actions at the spinal level neural activity at the Vi/Vc transition region (see De Konas well as supraspinal activation of descending inhibitory inck and Henry 1991). controls were likely (Basbaum and Fields 1984; Yaksh and Several studies have reported facilitatory effects of morMalmberg 1994). A peripheral site of action also was possi-phine on neurons in the superficial laminae of the medullary ble because topical application of morphine reduced the pain and spinal dorsal horns (Jones et al. 1990 ; Magnuson and associated with corneal injury in humans (Peyman et al. Dickenson 1991; Mokha 1993; Woolf and Fitzgerald 1981). 1994) . Previous studies indicated that topical spinal applica-It has been hypothesized that these cells are interneurons that tion of morphine in the rat (Hylden and Wilcox 1986) or inhibit projection neurons in superficial or deeper laminae intravenous morphine in cat (Craig and Serrano 1994) inhib-(Dickenson 1994; Kemp et al. 1996 ; Magnuson and Dickenited noxious mechanical and thermal stimulation-evoked ac-son 1991). Failure to observe antidromic invasion of Vi/Vc tivity of laminae I spinothalamic projection neurons, often units from the lateral PBA suggested that some of these cells with an overshoot in activity after naloxone. A significant could be interneurons, which, on activation by corneal input, number of Vc/C1-PBA projection neurons in the present cause local inhibition of Vi/Vc projection neurons. Howstudy may send collaterals to thalamus because axonal tract-ever, little is known regarding the local circuitry of the tracing results indicated that a majority of spinothalamic Vi/Vc transition region which is necessary to ascribe functract neurons also projected to the PBA in the rat (Hylden tional implications (Phelan and Falls 1989). et al. 1989 ). Excitation of dorsal horn neurons in superficial laminae has been reported after by intravenous and iontopho-Vc/C1 modulation of Vi/Vc corneal units retic application of morphine (Jones et al. 1990; Mokha 1993) as well as from in vitro preparations (Magnuson and Considerable evidence has indicated modulatory effects Dickenson 1991). These studies did not determine the pro-from Vc on the activity of neurons in more rostral subnuclei jection status of each neuron, a variable that may be critical of Vsp (Davis and Dostrovsky 1988; Greenwood and Sessle in the interpretation of such results. When the effects of 1976; Scibetta and King 1969; Sessle and Greenwood 1974; intravenous morphine on superficial dorsal horn neurons Young and Perryman 1984). However, the majority of these with projections to the thalamus were compared with those studies were performed in the cat, and none examined spewith unknown projection status, it was found that morphine cifically the relationship between caudal Vc and the ventral reduced the noxious stimulation-evoked responses of all pole of the Vi/Vc transition region. Intravenous morphine spinothalamic neurons but only one of five nonprojecting may act at multiple brain sites to affect the activity of Vi/Vc neurons (Craig and Serrano 1994) .
neurons and central administration of morphine can facilitate dorsal horn activity, consistent with the enhanced response of Vi/Vc neurons (Bouhassira et al. 1988; Duggan et al. Morphine facilitation of Vi/Vc corneal units 1980) . Because autoradiographic studies revealed significant opioid receptor agonist binding at the ventral pole of the Intravenous morphine enhanced the responses to corneal input in most (10/13) Vi/Vc units. Although not expected, Vi/Vc transition region and in the superficial laminae at the Vc/C1 transition (Xia and Haddad 1991), it also was possisimilar results have been noted previously for evoked activity of Vc corneal units by intravenous morphine (see Fig. ble that the Vc/C1 region acted as a relay for modulating the activity of Vi/Vc neural activity. This was tested by 4) (Ayliffe and Hill 1979; Hill et al. 1984) . The exact placement of recording sites in Vc was not reported but most applying glutamate and morphine locally to the dorsal surface at the Vc/C1 transition while recording from Vi/Vc were in rostral Vc near the level of the obex (R. Hill, personal communication). Consistent with these results, intra-corneal neurons.
As summarized in Table 2 , topical application of glutacerebroventricular administration of morphine reduced the expression of the immediate early gene product, Fos, at the mate and morphine to the Vc/C1 transition altered the
